Secure and seamless exchange of electronic patient care information among heterogeneous interoperable systems is an important goal for future healthcare information systems. However, fast and efficient exchange of information between heterogeneous healthcare systems is inhibited by the variations in the data models used to define patient care records, and the prohibitive costs associated with standardization and software upgrades. In this paper, we analyze the factors impeding the adoption of interoperable healthcare systems and propose the use of a mediating schema-based approach that can enable interoperability and also minimizes the impact of the factors impeding factors. The proposed mechanism uses context specific mediating schemas for data translation and can enable the seamless exchange of electronic patient care records between different healthcare systems. Our approach builds on existing technologies and is specifically adapted to the healthcare context. We illustrate the viability of our approach using a scenario relating to pre-hospital to hospital information exchange.
Introduction
Fast and efficient exchange of clinical information between disparate healthcare systems can save lives and reduce healthcare costs. In a recent study, Walker et al. (2005) estimated that efficient information exchange and interoperability between different healthcare providers could result in a net benefit of $77.8 billion. However, most hospital systems have been built to function in isolated environments with little or no electronic communication with external systems. The input and output of clinical information from hospital systems takes place manually and through paper documents, leading to delays and high information exchange costs. A major impediment to electronic exchange of information between different healthcare systems is the heterogeneous nature of the IT platforms and the diverse data models of their patient care records (Shortliffe, 1998) . Although there has been a drive towards standardization in the healthcare domain, the presence of several versions of competing and proprietary standards has only increased the complexity and cost of automated electronic data transfer between different healthcare systems. While some regional efforts towards interoperable healthcare systems have been implemented with limited success, their effect is confined to a limited geographical area (Halamka et al., 2005) .
In this paper, we address the problem of electronic exchange of patient care records by building upon previous developments in heterogeneous data exchange for the healthcare domain.
We propose a modular approach to information exchange between heterogeneous healthcare information systems using a context specific mediating schema. When combined with semantic web enabled web services (Bussler et al., 2002) , such a service can enable inter-hospital electronic communication to occur in an effective manner, without requiring expensive software upgrades and before large scale standards such as, HL7 version 3, are widely adopted. We illustrate our approach in the context of information exchange between pre-hospital and hospital systems. This paper is structured as follows: Section 2 describes the impediments to adoption of interoperable healthcare systems and discusses the merits of the mediator-based approach in minimizing the impact of the impeding factors. In Section 3, we describe the case of information exchange between pre-hospital and hospital systems. In Section 4, we survey previous developments relating to information exchange between heterogeneous systems and analyze their suitability for the healthcare domain. In Section 5, we extend the middleware-based data translation mechanisms for use in the healthcare context and propose the concept of context specific mediating schemas that can be used for data translation in specialized contexts. A case study involving information exchange between pre-hospital and hospital systems is presented in Section 6 to illustrate the viability of the proposed approach.
Impediments to Adoption of Interoperable Systems
Although several technological solutions exist today to enable interoperable hospital systems, their adoption has been impeded by the following factors.
Lack of Incentives:
Patients and medical insurance providers are the key beneficiaries of interoperable healthcare information systems. However, the major cost associated with enabling interoperable healthcare information systems is incurred by the healthcare service providers (CSI Report, 2005). Healthcare providers and software vendors lack incentives to promote interoperable healthcare systems. Moreover, the ability to share data with competing vendors, by preventing vendor lock-in, can instead have a negative impact on the competitive viability of the vendors and healthcare providers.
Costs: Healthcare information systems for large hospitals are estimated to cost about $50 million (Friedman and Wyatt, 1997) . Given the complex nature of healthcare information systems, implementing any upgrades or modifications to a healthcare system can impose substantial costs on a hospital in the form of software licenses, training and other transition costs. The high costs associated with software upgrades, along with the lack of incentives to healthcare providers for enabling interoperability are key impediments to the adoption of interoperable healthcare systems.
Standards:
Although adoption of uniform standards across the healthcare industry can promote interoperable healthcare information systems, there are several problems associated with standards development in the healthcare industry. Standards prescribing bodies are heavily fragmented across geographical regions and domain specialties. As a result, there are several standards that span across the medical domain. Even within a specific domain there exist several competing standards or multiple versions of the same standard. For example, several versions of the HL7 standards are in simultaneously used in some hospital systems. Also, when multiple standards across different medical domains are used, the specifications differ in their definitions of common data elements. For example, even the specifications for basic patient demographic information varies significantly in coverage, coding schemes and data types in the NEMSIS (National EMS Information System) standard for prehospital care and the DEEDS (Data Elements for Emergency Department Systems) standard for hospital emergency departments.
Regulatory Issues: Multiple regional and local healthcare data privacy and security laws impede the adoption of interoperable software. The Commission on System Interoperability (2005) recommends that a uniform privacy law is essential to enable nation wide interoperable networks. In addition, the report also details provisions of the Stark Lay and Federal AntiKickback laws that discourage the adoption of interoperable information systems.
Cultural and Organizational Factors:
Healthcare systems are inherently complex and any change or modifications in healthcare systems need to be gradually integrated into the healthcare organizations work processes (Berg, 2001) . As with any new technology, replacement of existing systems with new healthcare information systems is subject to resistance due to organizational inertia and changes in work processes associated with it.
In this paper, we propose the use of a mediator-based approach for enabling data exchange between heterogeneous hospital systems. The mediator-based approach has several beneficial properties that can mitigate the effect of the above mentioned impeding factors. The mediator-based approach does not require changes to existing schemas or healthcare information systems and requires minimal extensions to the existing systems to enable communication with external systems. This property addresses two of the key barriers to adoption; it reduces implementation costs and it minimizes user resistance as it does not involve any major changes in work processes.
The adoption of interoperable hospital systems is also dependent on the nature of the relationship between the entities involved in the information exchange. While it is difficult to obtain management buy in for investments in interoperable healthcare information systems are difficult to when competing entities are involved (for e.g. hospital to hospital data exchange), it is relatively easier when the services provided by the entities involved are complimentary in nature, such as prehospital and hospital service providers. In the next section, we analyze the problems associated with information exchange between prehospital and hospital systems and describe the benefits of data interoperability between prehospital and hospital systems.
Pre-hospital to Hospital Information Exchange
The majority of the hospital systems used today have little or no electronic communication with pre-hospital systems. In recent years, pre-hospital systems have been transitioning towards using handheld computer systems to electronically record and store patient care related information (Felleiter et al., 1995) . However, information exchange between pre-hospital and hospital emergency departments is still through voice and paper documents. Although the use of voice communication is satisfactory on a small scale, it is a critical bottleneck in mass casualty situations (Teich et al., 2002) . Moreover, it leads to redundant data entry tasks and, due to the lack of electronic exchange of information, it prevents the use of computer enabled decision support systems. Automated electronic exchange of patient care information in emergency situations can result in several benefits including increased capacity of the trauma line, automated decision support, co-ordination support, prioritization notification and faster trauma response. However, several incompatibilities in data types, data elements, schema designs and codification schemes prevent automated electronic exchange of clinical information between prehospital and hospital systems.
Enabling data exchange between pre-hospital systems and hospital emergency department's (ED) is a complex problem requiring a large number of data transformations. Our objective is to reduce the number of translations between pre-hospital systems (m) and hospital systems (n) from m x n transformations to m + n transformations, using a mediating schema approach. In order to achieve this, the mediating schema needs to encompass a core set of context specific patient care related information; further, it should be able to morph into any of the client schemas. An architecture for a mediating schema based translation service is shown in Figure 1 .
The variability in pre-hospital and ED schemas, the absence and difficulty in obtaining data dictionaries, and the size and complexity of the schemas itself means that this process of schema matching needs to be manually performed by an expert and cannot be fully automated by algorithms. A number of issues such as schema coverage, differences in cardinalities, constraints, accepted values and data types have to be considered in schema transformation. Although the schema mapping process cannot be fully automated, a combination of algorithms, re-usable modules, and a set of procedures can be devised for standard problems to drastically reduce the overhead involved in designing schema mappings and enabling data translation. The availability of a set of standard procedures and re-usable modules will reduce costs of information exchange for hospitals and pre-hospital agencies, enabling easier and cheaper exchange of data. It will also enable fast and efficient integration with disparate pre-hospital and hospital systems.
Previous Work
Data exchange between heterogeneous systems can be enabled by developing mappings between the data models of the different hospital systems. The mappings between the different models can then be used to translate data from the source schema into that of the target schema. In this section, we review schema matching and data translation techniques proposed in literature, and discuss their suitability for use in the healthcare arena.
Schema Matching
Schema matching techniques can be broadly classified into instance based and schema based techniques (Rahm and Bernstein, 2001 is intended between a pre-hospital agency and a hospital emergency department, due to the differences in the context for which the source and target schemas are modeled, constraint-based techniques would not be able to identify similarities in the source and target schemas. Hence, the linguistic mapping techniques are the most suited for machine-supported mapping in the healthcare context.
Heterogeneous Data Translation
Data translation between a source schema and a target schema is enabled by using a mapping between two schemas as input. The number of mappings needed to exchange data among any of the client schemas increases exponentially with an increase in the number of client schemas. A mapping would need to be generated between a client schema and every other schema to enable seamless data exchange among the different schemas. The number of translations between multiple heterogeneous schemas can be reduced to a linear factor by using middleware based between the integrated and client schemas .
As an alternative to integrated schemas, proposed a lattice based context interchange approach that can cope with changes in semantics of data in source or target schemas. Another approach is to use independently developed predefined mediating schemas, thereby restricting the amount of information that can be exchanged to that of the mediating schema. Apart from relational schema, a client schema could also be specified as hierarchical schema or as an XML based message. Popa et al. (2002) propose a translation mechanism for data translation between relational schemas and hierarchical and nested schemas represented by XML like representations. Their proposed method utilizes element-to-element mappings and schema structure to generate a maximal set of logically related elements using the chase algorithm (Maier et al., 1979) . The output of the chase algorithm is used to identify a translation between the source and target schemas, enabling translation between nested, hierarchical, and relational schemas.
A Mediating Schema Approach for Data Translation
Several mediator based schema integration mechanisms have been proposed in previous literature (Wiederhold, 1993; Gupta, 1989) . In this paper, our objective is to extend the previously proposed heterogeneous data translation mechanisms to suit the context of healthcare.
Most heterogeneous data translation mechanisms proposed in literature attempt to address a general context and a broad variety of problems. The issues specific to heterogeneous data translation in the healthcare context are of the following types:
1. In the healthcare context, the main objective of information exchange is to exchange patient care records (PCR) as opposed to the ability to support arbitrary queries; the latter need is addressed by general data translation mechanisms.
2. The data elements and semantics of the patient care records are well defined in specialized contexts. For example, standards such as NEMSIS (National EMS Information System) and DEEDS (Data Elements for Emergency Department Systems) specify the core data elements of a patient care record in the context of pre-hospital care and emergency department care respectively.
3. The information being exchanged is patient centric, resulting in uniformity of interpretation as all the data are grouped according to the patient. In other words, although the data models of the patient care record may differ; the cardinalities of all the elements are defined with respect to a single patient. This reduces the conflicts arising due to variation in cardinalities between patient care records.
Restricting the problem space to the healthcare arena renders the mediating schema-based data translation process more manageable. Mediating schemas formed because of integration of multiple client schemas can be complicated and inefficient; however, when considering specialized contexts, the mediating schemas can be predefined based on detailed domain analysis to suit most scenarios. This can enable efficient data transfer while ensuring exchange of critical information.
In the following section, we define the concept of context specific mediating schemas and then describe the translation process.
Context Specific Mediating Schema
In the healthcare domain, some of the most frequent exchanges of data occur between complementary healthcare units. Rather than exchanging complete healthcare records, such data exchange involves transfer of patient care data related to specialized service provided by a particular healthcare unit. The context of the information being exchanged is related to the type of specialized service provided by the data source. The context specific mediating schema models the semantics of the source data. Examples of contexts include pre-hospital care, clinical labs and specialty clinics such as ophthalmology, orthopedics etc. The mediating schema is used to develop reusable mappings from client schemas to their conceptual equivalents.
Mediating Schema Structure:
We use the labeled graph approach to model the mediating schema (Milo and Zohar, 1998; Abiteboul et al., 2002) . The elements in the mediating schema are defined at a high level of granularity that equals or exceeds the granularity of the potential source schemas. The root node in the mediating schema represents the data elements that serve as the patient care record identifier. In the pre-hospital case, the patient care record identifier is a combination of the patient identifier and the incident identifier. Elements in the schema that can be uniquely identified using a patient care record identifier form the child nodes of the root node.
The child nodes have partial or complete dependencies on the set of elements that form the root node. Elements that are dependent on the root node and any of the first level child nodes form the next level of child nodes. Such elements can be uniquely identified using a combination of the patient care identifier and a first level node. The mediating schema does not have any data types associated with it, as the sole purpose of the mediating schema is to serve as a reference point that can be re-used for matching between different schemas. A mediating schema can be generated for various contexts by extensive domain analysis or from well-developed standards.
Examples of such standards used in the United States include the Nemsis standard for prehospital care developed by the National Highway Traffic Safety Administration (NHTSA) and the DEEDS specification for emergency medicine developed by the National Center for Injury Prevention and Control.
The mediating schemas are re-usable and portable. A receiving client would need to have access to mappings with the mediating schemas of only those categories that are possible sources of data for the target schema, while a source schema needs to have mappings with only those schemas that represent the source semantics.
Data Translation Process:
The data translation process involves several steps: generating a mapping between the client schema and the mediating schema, specification of a patient care record using a set of SQL queries, and transforming a client schema -mediating schema map to a source-target mapping between XML PCR's. The source PCR is transformed into a target PCR using the element-to-element correspondences and Xpath-based translation rules. The target PCR is then used to populate the target schema. 
Case Study
In this section, we present a case study illustrating our proposed approach in the context of prehospital to hospital information exchange. We present an overview of the entire process including development of the mediating schema, client-mediator mappings, specification of patient care records, and the data translation process.
Mediating Schema: The mediating schema was developed using the data elements specified by the National Transportation and Highway Safety Authority (NHTSA). The NHTSA prescribes a core set of data elements for use by Emergency Medical Service (EMS) agencies. The NHTSA data standards are widely implemented by most pre-hospital agencies. A subset of the mediating schema developed using the NHTSA prescribed data elements is shown in Figure 3 . 
Data Translation:
The schema matching and PCR generation process is followed by the data translation process. The data translation process is completely automated and is executed without human involvement. The translation process involves generating an XML to XML transformation using element-to-element mappings that are inferred based on the schema mappings. A sample XML to XML mapping is shown in Figure 5 . The resulting target XML file is used to populate the target schema. The XML to relational schema translation is done using the data translation mechanism proposed by Popa et al. (2002) . 
Results and Analysis
In this section, we present a summary of our observations from a data translation process involving two pre-hospital schemas and an emergency department schema (Prehospital1, Prehospital2 and ED1) using the context-specific mediating schema approach. Specifically, we present a categorization of the schema incompatibilities encountered during the schema matching and translation process followed by a preliminary analysis of the performance of the proposed data translation process in the healthcare context.
Schema Incompatibilities
Several schema incompatibilities were encountered during the schema matching and data translation process. We present a summary of the incompatibilities using the Reddy et al. (1994) framework.
Naming Conflicts: A naming conflict refers to the differences in vocabulary used to name elements representing similar concepts. The majority of the conflicts encountered during schema matching process were due to the differences in the naming schemes and the inability of the naming schemes to fully capture the semantics of the data elements. For example, the data elements related to pulse and respiratory rate were named as ref_pulse and ref_resp in the hospital emergency department (ED) database, whereas the corresponding data elements in the pre-hospital schema were named as pulse_rate and resp_rate. In addition, pulse rate and respiratory rate recorded by the pre-hospital agency at an incident scene and on arrival at the emergency department were classified as semantically different data elements. As a result, lexical matching of the data elements between the two schemas resulted in multiple candidates for matching in the hospital ED schema.
Type Conflicts: A type conflict arises when the same concept is represented as an entity in one schema and as an attribute in another schema. This type of conflict was observed in the prehospital to hospital ED schema matching scenario. We observed that the pre-hospital schemas tend to capture information in greater detail than the hospital ED schema. For example, injury location is represented as an entity in pre-hospital schemas while it is represented as an attribute in the hospital ED schema.
Key Conflicts: Key conflicts arise when different keys are used to identify component data elements. For example, SSN could be used to identify a patient in one schema where as a drivers license is used in another. However, in this domain, every client schema uses an independently generated key that is dependent on multiple patient related attributes to identify a patient. As a result of situational factors, only a subset or none of the patient related identifying information could be available to the pre-hospital and hospital agencies. Because of the differences in the attributes used to uniquely identify a patient in the source and target schemas, a data translation mechanism for patient care record exchange would have to include de-duplication and probabilistic mechanisms for reconciling patient care records.
Missing Data: Missing data arises when the type of information captured for similar entities varies across schemas. For example, one schema may capture patient home phone number and work phone number, while another schema stores patient home phone and emergency contact phone number. A human expert may decide to substitute work phone for emergency contact phone in the absence of equivalent information in the source data, however in the case of automated translation, such information may be lost.
Level of Abstraction:
Level of abstraction refers to the differences in the granularity at which data is stored among different schemas. In the pre-hospital to hospital scenario, we observe that the pre-hospital schemas store information at a higher granularity than hospital ED schemas. For example, the pre-hospital schemas capture pulse rate at four locations: radial, femoral, dorsalis pedis and posterior tibia, whereas the hospital ED schema includes only a single pulse rate field.
A generalization of the above observation would suggest that source schemas relating to specialized services capture information at a higher granularity than target schemas that have a more general scope and tend to capture summary information.
Scaling Conflicts:
This conflict arises when different sizes are attributed to similar concepts in different schemas. For example, the patient name attribute might be assigned 50 character spaces in one schema and 25 character spaces in another. In the current scenario, we did not observe any scaling conflicts as all the data elements were assigned sufficiently large field lengths.
Levels of Accuracy:
This conflict refers to the differences in measurement units used across schemas. We observed that some pre-hospital schemas included additional fields to indicate the unit of measurement used. However, in order to completely address this problem, special scripts need to be developed that can convert from one unit to another during the data translation process. For example, the incident time might be stored to the second's accuracy in one schema and at the minute level in another schema.
Coding Incompatibilities:
The coding incompatibility is specific to the medical domain and refers to the use of different codes to store medical information. For example, a particular schema may use ICD 9 codes to describe patient condition while a different scheme could be used in other schemas. Automatic translation between different codes would require a library of mappings the different codes. The Unified Medical Language System (UMLS) consists of a mapping between different codes that can be used to automatically translate between different codes.
Performance Analysis
We analyzed the performance of the automated data translation and exchange mechanism by measuring the amount of information lost during the data translation process. We define coverage as the number of data elements in the target schema that can be populated using information from the source schema. Information loss is defined as the percentage of data elements in the target schema that are covered by the source schema but could not be populated using the automated data translation mechanism. Information loss is a function of mediating schema coverage and schema conflicts. Special converters or filters are required to enable data transformation when type conflicts, scaling conflicts, coding incompatibilities and differences in accuracy levels arise.
We observed that the use of a standardized mediating schema resulted in a minimal loss of information. A summary of the information loss statistics is shown in Table 2 . Most information loss was either due to type conflict or due to aggregation of multiple data items into a single data element in one of the schemas. The use of converters and filters to handle the type conflict and aggregation problems mitigated the information loss problem. Although naming conflicts were the most predominant, they were the easiest to resolve. Apart from naming conflicts, we observed that type conflicts and missing data were the most prevalent conflicts when matching schemas. Overall, we observed that the information lost due to the scope of the mediating schema was minimal. We believe this is due to the high level of standardization achieved in the pre-hospital services.
Source-Target Schemas

Conclusion
In this paper, we have proposed a mechanism for exchange of electronic patient care records between heterogeneous hospital systems using a modular context specific mediating schema approach. Our proposed technique builds on previous developments in data translation techniques and extends them for use in healthcare context. The proposed mechanism can enable translation between multiple systems and can reduce information exchange costs by avoiding expensive software upgrades. The modular nature of the mediating schemas enables portability, sharing and standardization. In future research, we intend to explore mechanisms for automated translation between different data coding schemes. We also intend to explore mechanisms for integrating multiple context mediators and support for HL7 standards for data communication.
